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1.0 PURPOSE 

The planned d a t e  f o r  launching the  Apollo Soyuz Test P ro jec t  (ASTP) 
spacecraf t  occurs  dur ing  the  summer, which is t he  period of peak l i g h t -  
ning a c t i v i t y  a t  t h e  launch s i te .  A simulated l i g h t n i n g  test w a s  there-  
f o r e  conducted on the  backup spacecraf t  f o r  t h e  ASTP miss ior  (CSM-119) 
t o  determine the  s u s c e p t i b i l i t y  of the Apollo spacecraf t  t o  danage from 
t h e  i n d i r e c t  e f f e c t s  of l i gh tn ing .  
considered. The test had t w o  ob jec t ives .  The p r i n c i p a l  ob jec t ive  w a s  
t o  determine i f  critical spacecraf t  c i r c u i t s  could survive a f u l l - t h r e a t  
l i g h t n i n g  s1 roke (200 000 amperes peak i n  2 microseconds) ; however, t o  
do t h i s ,  another  o b j e c t i v e  had to  be s a t i s f i e d .  
and recent  a n a l y t i c a l  work ind ica ted  t h a t  induced l i gh tn ing  e f f e c t s  from 
low-level  i n j ec t ed  c u r r e n t s  could be scaled l i n e a r l y  t o  those which would 
be obtained i n  a fu l l - th rea t  l i gh tn ing  s t roke .  The second ob jec t ive  w a s  
t o  v e r i f y  t h e  accuracy of l i n e a r  sca l ing .  

Direct l i g h t n i n g  e f f e c t s  were not  

Previous test programs 

2.0 TEST APPROACH 

The spacecraf t  was subjected t o  simulated l i gh tn ing  cu r ren t  pu lses  
having the same rise and f a l l  t i m e s  of f u l l - t h r e a t  n a t u r a l  l i gh tn ing ,  but  
with reduced amplitudes of 4000 and 8000 anperes  peak (1/50th a r t  11'25th 
of a f u l l - t h r e a t  l i g h t n i n g  s t roke ) .  

Selected c r i t i c a l  c i r c u i t s  xix monitored using s p e c i a l  Instrumenta- 
t i on .  P a s s l f a i l  criteria were based on analyses  and electrical  component 
maximum d-c r a t i n g s .  The tes t  da t a  were used i n  conjunction with t h e  
p a s s / f a i l  c r i t e r i a  t o  determine i f  monitored c i r c u i t s  can survive n a t u r a l  
l i g h t r i n g .  

Tes t ing  t o  determine l i gh tn ing  e f f e c t s  on pyrotechnic c i r c u i t s  was  
conducted with the  spacecraf t  ?owered down. Tes t ing  t o  determine l i g h t -  
ning e f f e c t s  on a l l  o t h e r  spacecraf t  c i r c u i t s  w a s  conducted with the  
spacecraf t  powered up i n  the  ascent  mode. 

Osci l loscope d a t a  were obtained on f i v e  spacec ra f t  c i r c u i t s  during 
t h e  powered-down t e s t i n g .  I n  addi t ion ,  t he  78 pyrotechnic c i r c u i t s  were 
monitored with s p e c i a l  devices .  

Tw?nty-three c r i t i c a l  c i r c u i t s  were measured with the  spacecraf t  
systems powered up. 
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3.0 TEST DESCRIPTION 

3.1 Test Configuration 

3.1.1 Test  article.- The test ar t ic le  w a s  spacec ra f t  CSM-119 with 
systems configured f o r  f l i g h t  except as follows : 

a. The s o l i d  p rope l l an t s  were removed from the  launch escape sys- 
t e m ,  but  t h e  f l i g h t  electrical  harnesses were i n s t a l l e d .  

b. Two 400-ampere-hour b a t t e r i e s  were Gsed i n  l i e u  of the  f u e l  
cells. 

c. The Applications Technology S a t e l l i t e  communication equipment 
was not i n s t a l l e d .  

d. The experiments were not i n s t a l l e d .  

e. The augmented t e l e v i s i o n  was not i n s t a l l e d .  

f .  The video tape recorder  w a s  removed. 

g. The command module boost p r o t e c t i v e  cover w a s  removed. 

h. The propulsion system pressure/temperature sensors  were d i s -  
connected. 

i. Parachutes and a s soc ia t ed  deployment mortars were removed. 

3.1.2 Configurations for powered-up and powered-down modes.- For 
the  powered-up tests, the  configurat ion included a l l  spacec ra f t  svstems 
t h a t  would normally be powered up i n  the  ascent  phase of f l i g h t  except 
f o r  t h e  following: 

a. Service propulsion system gimbal motors 

b. Cryogenic hea te r s  f o r  t he  s e r v i c e  propulsion and r eac t ion  con- 
t r o l  systems 

c. Televis ion 

d. Optics 

e. Experiments 

f .  Environmental c o n t r o l  sys tem secondary coolant  loop 
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g. Communications system S-band power ampl i f i e r  

h. Fuel cel ls  

The spacecraf t  systems were monitored v i a  te lemetry f o r  proper operat ion.  

I n  the  powered-down test mode used f o r  t he  pyrotechnic c i r c u i t s ,  t h e  
f u e l  cells were disconnected and replaced with a fused shor t .  
t r ical  energy i n d i c a t o r s  (SEEI's) were i n s t a l l e d  i n  78 l oca t ions  on the  
spacecraf t  . The SEE1 bodies were connected to spacecraf t  s t r u c t u r e  
through indiv idua l  grounding s t r aps .  A l l  i n s t a l l e d  f l i g h t  pyrotechnics 
were l e f t  i r i  p lace  with Faraday caps i n s t a l l e d .  

S t ray  elec- 

3.1.3 Spec ia l  equipment.- The simulated l i gh tn ing  cur ren t  w a s  gen- 
e ra t ed  and de l ivered  t o  CSM-119 by t h e  surge generator  and coaxia l  feed 
system shown i n  f i g u r e s  1 and 2. The coaxia l  feed system minimized t h e  
t o t a l  inductance of the  c i r c u i t  and permit ted maximum rate-of-change of  
cur ren t  t o  be de l ivered .  I n  add i t ion ,  t h e  coaxia l  feed system produced 
a spacecraf t  cur ren t  d i s t r i b u t i o n  similar t o  t h a t  which would occur from 
a na tu ra l  l i gh tn ing  s t roke .  

Induced vol tages  were measured using e igh t  Tektronix type-475 o s c i l -  
loscopes with measurement cable /a t tenuators .  Polaroid cameras were used 
t o  record the  da ta .  T h e  osc i l loscopes  w e r e  b a t t e r y  powered and sh ie lded  
i n  screen boxes f o r  maximum i s o l a t i o n  from the  magnetic f i e l d s  caused by 
the simulated l i gh tn ing  cur ren t  ( f ig .  3). The osc i l loscopes  were t r i g -  
gered o p t i c a l l y  from the  l i gh tn ing  genera tor  by t h e  use of f i b e r  o p t i c s .  
Each of the  measurement cables  cons is ted  of a twisted-shielded p a i r  with 
an add i t iona l  o v e r a l l  s h i e l d  grounded t o  the  screen  box. The measurement 
cables  included b u i l t - i n  i s o l a t i o n  r e s i s t o r s  and a t t enua to r s  t h a t  maiu- 
tiiined con t inu i ty  of t he  spacecraf t  c i r c u i t s  while  providing inpu t s  t o  
the osc i l loscopes .  

Two s p e c i a l  measurement c o i l s  were mounted i n  t h e  command module 
tunnel .  The e f f e c t i v e  area of each coil  was 0.155 square meter, and the  
measurement system w a s  configured t o  measure the  open c i r c u i t  vo l tage  and 
the  sho r t  c i r c u i t  cur ren t  f o r  each c o i l .  

3.2 Crit ical  C i r c u i t  Se lec t ion  

3.2.1 F i e l l  level pred ic t ion . -  The main l i gh tn ing  cu r ren t  paths  i n  
the spacecraf t  s t r u c t u r e  a r e  e a s i l y  i d e n t i f i e d .  Current d iv i s ion  among 
the  var ious pa ths  cannot,  however, be e a s i l y  determined. Therefore ,  cur- 
r en t  was assumed t o  be d i s t r i b u t e d  i n  a manner t h a t  would give the  worst- 
case predic ted  f i e l d s .  
f o r  d i f f e r e n t  spacecraf t  zones based on the  following cons idera t ions .  

Table I g ives  the rate-of-change of f l u x  dens i ty  
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TABLE I.- FIELD RATE OF CHANGE I N  SPACECRAFT ZONES 

Flux densi ty  rate-of-change, 
Wb/m2sec Zone 

Service module bays 

Service module upper deck 

Command module/service mod- 
u l e  umbilical  

Command module cabin 

1 6  000 

20 000 

200 000 

1 600 

6 700 I Command module inner-to- 
ou ter  s h e l l  

a. Service module bays - The c y l i n d r i c a l  service module contains  
s i x  i n t e r n a l  longi tudinal  p l a t e s  and a c e n t r a l  c y l i n d r i c a l  core.  
edge of each p l a t e  i s  fastened t o  the  c e n t r a l  core. The o t h e r  edge is  
fastened t o  the  inner su r face  of t he  outer  skin.  The inductance of each 
plate i n  the  longi tudinal  d i r e c t i o n  is about one-sixth of t h e  inductance 
of t he  outer  s h e l l .  Each p l a t e  was, t he re fo re ,  assumed t o  conduct one- 
twelf th  of t h e  l igh tn ing  current .  Analysis showed tha r  a l i g h t n i n g  cur- 
r en t  rate-of-change of 100 000 amperes per microsecond would cause a flux 
densi ty  rate-of-change of 16 000 Wb/m2sec near t he  p l a t e .  

One 

b. Service module upper deck - Four primary cur ren t  pa ths  e-:Cst be- 
tween the  command module and the  se rv ice  nodule. Three of t h e  paths  a r e  
the  th ree  metallic tension t i es  and t h e  fourth i s  t h e  umbilical  plumbinb, 
For ana lys i s  purposes, a l l  l igh tn ing  current  was assumed t o  flow down 
the  cen te r  l i n e  of the vehicle  i n  order  t o  compute the f i e l d s  i n  t h e  ser- 
v ice  module upper deck. The t o t a l  r e s u l t i n g  magnetic f l u x  over t h e  upper 
deck was then calculated and averaged t o  give an upper deck f l u x  dens i ty  
rate-of-change of 20 000 Wb/m2sec. 

c. Command module/eervice module umbilical  - The command module/ 
service module umbilical  represents  a spec ia l  case i n  t h a t  a l l  wiring 
between the  two modules runs through the umbilical .  
sumption t h a t  a l l  of t he  l igh tn ing  current would flow through the  umbil- 
ical  gave a f l u x  densi ty  rate-of-change of 200 000 Wb/m2sec. 

The worst-case as- 

d. Command module cabin - The command module c o n s i s t s  of two metal 
s h e l l s ,  one in s ide  of t he  o the r .  The inner s h e l l  is t he  pressure ves se l  
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Type 

Twisted p a i r  

t h a t  contains  t h e  cabin .  Conmand module cabin f i e l d s  were assumed t o  
r e s u l t  only from ape r tu re  coupling through the  windows. 
calculated f i e l d  rate-of-change of 1600 Wb/m2sec. 

This gave a 

Area/l-meter length,  sq m 

30 x 

e. Command module inner-to-outer s h e l l  - Wiring t o  t h e  s e r v i c e  mod- 
u l e ,  t he  command module r eac t ion  con t ro l  system, and the  c.smmand module 
pyrotechnics is routed i n  the space between the two s h p l l s .  One-half of  
the  l i gh tn ing  cu r ren t  was assumed t o  flow down the  i n n e i  s h e l l ,  which ga-rc 
a f i e l d  rate-of-change of 6700 Wb/m2sec. 

3.2.2 Induced vol tage predict ion.-  Spacecraft  e l e c t r i c a l  and elec- 
t r o n i c  systems are grounded t o  s t r u c t u r e  a t  a single-point located i n  the  
command module cabin. Induction is the  primary mode of vol tage coupling 
from l igh tn ing  c u r r e n t s  i n t o  the spacecraf t  wiring. The induced vol tage 
is equal t o  the  t i m e  rate-of-change of t he  f l u x  t h a t  l i n k s  the  supply and 
r e tu rn  wires i n  the  c i r c u i t  under considerat ion.  The time rate-of-change 
of f l u x  l inkage is equal :o the  f lux  dens i ty  rate-of-change mul t ip l i ed  
by t h e  effective area between the  supply and r e t u r n  wires. 
gives  e f f e c t i v e  loop areas f o r  various wire types.  

Table I1 

TABLE 11.- EFFECTIVE LOOP AREAS FOR VARIOUS TYPES OF W I R I N G  

Shielded twisted pair  

Nontwisted p a i r  

Any wire t o  s t r u c t u r e  a 

30 

25 

50 

aConnnon mode. 

3.2.3 Monitor po in t  s e l ec t ion . -  Voltages induced i n  spacec ra f t  w i r -  
ing  were ca l cu la t ed  w i n g  wire type, l eng th ,  and rou t ing  w i t h  t he  pre- 
d i c t ed  f i e l d s .  Tenninating c i r c u i t r y  was then analy,ed t o  i d e n t i f y  those 
c i r c u i t s  i n  which the  component maximum d-c r a t i n g s  were exceeded by the  
calculated induced vol tages .  

Many spacecraf t  systems r e p e t a t i v e l y  rise c i r c u i t s  t h a t  are i d e n t i c a l  
except f o r  wire routing. For example, a l l  r eac t ion  con t ro l  system engine 
valve d r i v e r s  are the  same. I n  such cases ,  the  c i r c u i t  tha t  would be 
subjected t o  the  highest  predicted induced vol tage was monitored. 
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F i r e ,  v o l t s  

1000 

750 

625 

625 

600 

575 

L 

The analyses  i d e n t i f i e d  too mny  candidate  c i r c u i t s  f o r  a manage- 
ab le  test. Consequently, the  most s e n s i t i v e  f l i g h t - c r i t i c a l  c i r c u i t s  
were monitored. 

No-fire, v o l t s  

600 

575 

575 

55 0 

500 

500 

3.3 Pyrotechnic I n i t i a t o r  Subs t i t u t ion  

Calculat ions showed t h a t  the induct ion would couple i n s u f f i c i e n t  en- 
ergy i n t o  pyrotechnic c i r c u i t s  t o  f i r e  the  i n i t i a t o r s  i n  the  pin-to-pin 
mode, but they ind ica ted  t h a t  common-mode v o l t  ;es might be high enough 
t o  exceed pin-to-case acceptance tes t  l e v e l  of che i n i t i a t o r s .  

Pin-to-case spark gaps are b u i l t  i n t o  each of the s i n g l e  bridgewire 
Apollo standa.-d i n i t i a t o r s  (SBASI) t h a t  are used f o r  f l i g h t .  The spark 
gaps a r e  designed t o  f i r e  between 1000 and 1400 v o l t s  and should liuiit 
the  bridgewire-to-case vol tage  t o  t h a t  l e v e l ,  regard less  of  what vol taga 
i s  appl ied pin-to-case. Each i n i t i a t o r  is t e s t e d  with a pin-to-case 
pulse  of 25 000 v o l t s  t o  screen f o r  q u a l i t y  de fec t s ;  however. approxi- 
mately 0.1 Tercent of the u n i t s  passing t h i s  test f a i l  i f  resubjected t o  
the  same test. (Additional t e s t i n g  i s  planned t o  determine why t h i s  oc- 
curs . )  An a l l - f i r e  l e v e l  of 25 000 v o l t s  w h s  t he re fo re  assumed f o r  the  
f l i g h t  i n i t i a t o r s .  

Reduced-level l i gh tn ing  tests were used t o  avoid damage t o  the  f l i g h t  
veh ic l e  test art icle and remain within t h e  c a p a b i l i t y  of t he  l i gh tn ing  
generator .  Because the  test l e v e l s  were subscale ,  a golno-go device was 
used to  s imulate  the  SBASI. This simulator ,  discussed i n  appendix A ,  i s  
ca l l ed  a s t r a y  electrical  energy ind ica to r  (SEEI), and was o r i g i n a l l y  de- 
veloped f o r  u s e  i n  radio-frequency p e n s i t i v i t y  tests.  Table I11 presents  
the  r e s u l t s  of t e s t i n g  12 SEEI u n i t s  from t h e  l o t  shipped t o  KSC f o r  the  
simulated l i gh tn ing  test .  

TABLE 111.- STRAY ELECTRICAL ENERGY INDICATOR 
FIRE AND NO-FIRE LEVELS 
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Planned test l e v e l ,  
anperes 

(a) 

4 000 

a 000 

12 000 

Eacn SEE1 w a s  subjected to J s i n g l e  discharge from a 500 picofarad 
capaci tor  a t  tlie test vol tage indicated.  Based on these r e s u l t s ,  an a l l -  
f i r e  l e v e l  of 750 v o l t s  w a s  chosen. 
was therefore  e s t ab l i shed  a t  750125 000 or 1/33. 

The SEEIISBASI ra t io  of s e n s i t i v i t y  

Marbin of s a f e t y  

30 000-ampere s t roke  200 000-ampere s t r o k e  
(a) ( a )  

Ratio dB Ratio dB 

41 1 +12 0.6611 -3.6 

811 +ia 1.3211 +2.4 

1 2 1 1  +21.5 211 +6 

A f u l l - t h r e a t  n a t u r a l  l i gh tn ing  s t roke  reaches a peak cu r ren t  of 
200 000 amperes i n  2 microseconds. An average s t roke  reaches 30 000 
amperes i n  2 microseconds. Using a device s e n s i t i v i t y  scale f a c t o r  of 
33:1, thc test l e v e l s  shown i n  t a b l e  I V  were planned i n  o r d e r  t o  deLon- 
s t ra te  a 6-decibel s a f e t y  margin. 

TABLE 1V.-  PLANNED PYROTECHNIC TEST LEVELS 

Yime t o  peak was 2 microseconds i n  a l l  cases.  

3.4 T e s t  Conditions 

3.4.1 Generation of simulated l i g h t n i n g  current . -  The simulated 
l i gh tn ing  cu r ren t  waveform ( f i g .  4) spec i f i ed  i n  the  test plan was se- 
l ec t ed  t o  dup l i ca t e  the  frequency spectrum of natural  l i gh tn ing .  Peak 
c u r r e n t s  of 4000, 8000, and 12 000 amperes were se l ec t ed  t o  v e r i f y  pyro- 
technic c i r c u i t  margins. 

An equivalent c i r c u i t  of the  surge generator and test  veh ic l e  is 
shown i n  f i g u r e  5. 'A'he t o t a l  inductance (L) of the generator ,  feed w i r -  
ing,  and veh ic l e  under test was predicted t o  be i n  tlie 6- t o  10-microhenry 
range. The t o t a l  inductance of the  system was measured t o  determine the  
charge vol tage t o  be used on the capac i to r  bank t o  achieve a given peak 
cur ren t .  This was done by removing the  damping r e s i s t o r  (R) from the  
c i r c u i t ,  discharging the  6-microfarad capaci tor  (C) through the  system 
inductance, and observing the  n a t u r a l  frequency of t he  system. Under 
these  conditions:  
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Peak amplitude of 4000, 8000 and 
12 000 amperes (f 10 percent) 

aJ 
'p 
3 

P 

c) .- - 
E a 

0 T 1  T2  

T 1  (time to peak vaiue) = 2 microseconds (+ 1 microsecond) 
12 (time to half-value) = 50  microseconds (f 25 microseconds) 

Figure 4.- Test waveform. 



Damping resistor 

I L = 8.25 microhenrys 

R=8ohms 

(Inductance of feed 
system and load) 

I 
I 
I 
I 
I 

E 

voltage) - 

I 

Figure 5.- Equivalent circuit of lightning current generator and load. 
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The frequency of  the response is shown on the  osc i l logram i n  f i g -  
ure  6. 
ance w a s  determined t o  be 8.25 x 

The n a t u r a l  frequency vas 22.6 k i l o h e r t z  and t h e  system induct- 
henrys. 

To achieve the s p e c i f i e d  waveform with a 4000-ampere peak c u r r e n t  
the  following condi t ions had t o  be met:  

d I  
'peak d t  x R = E, and - =  0 

when t = 2 microseconds. 

= 2000 amperes/microsecond during rise. d I  
(2) - 

ave rage 

(3) RC = T2 - T1 = 48 microseconds. 

The rate-of-change of c u r r e n t  at t i m e  zero is approxinately twice 
t h e  average rate-of-change of the  waveform during the f i r s t  2 microsec- 
onds. Therefore, t h e  rate of cu r ren t  change a t  t h e  t i m e  of switch clo-  
s u r e  is 4000 amperes per microsecond. 
is then given by equation 4: 

The capac i to r  bank charge vol t ; .  3 

when t = 0 

The value of R is s e l e c t e d  such t h a t  equation 1 is s a t i s f i e d :  

( 5 )  R = - E = 8.25 ohms 
'peak 

where E = 33 x l o 3  v o l t s  a t  t = 2 microseconds. 

The time f o r  the cu r ren t  t o  decay t o  63 percent of i ts peak value 
is determined by the RC t i m e  constant  (equation 3) which is 48 micro- 
seconds. 

The cu r req t  waveforms del ivered t o  the veh ic l e  are shown i n  f i g u r e  
7 f o r  the  4000- and 8000-ampere peak c u r r e n t s ,  r e spec t ive ly .  The cur- 

r e n t  was monitored f o r  each s t r i k e  using a 1-meter-diameter - c o i l  d1 
d t  
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( f i g .  8) feeding a passive i n t e g r a t o r  and an osc i l l o scope  with camera. 
The cu r ren t  waveform and peak cu r ren t  were r epea tab le  and w e l l  within 
s p e c i f i c a t i o n  values.  Further  reference t o  cu r ren t  waveforr1.s and peak 
cu r ren t  values  i n  t h i s  r epor t  w i l l  r e f e r  t o  the  s p e c i f i c a t i o n  value un- 
less otherwise noted. 

The test 4000-ampere peak cu r ren t  waveform has an average - 'I d t  
dur- 

ing  the  cu r ren t  rise of 2000 amperes per  microsecond. The f u l l - t h r e a t  

l i gh tn ing  s t roke  has a 200 000-ampere peak and an average - during the  

cu r ren t  rise of 100 000 amperes per  microsecond. Voltages and c o r r e n t s  
induced i n t o  t h e  veh ic l e  c i r c u i t r y  by the 4000-arr,pere-peak test wave- 
form, the re fo re ,  represent  1/50th of f u l l - t k r e a t  l i g h t n i n g  induction. 

d I  
d t  

3.4.2 Induced vol tage measurements.- A schematic diagram of t h e  
measurement cab le  and its connections t o  the osc i l l o scope  i s  sliown i n  
f i g u r e  9. 
spec t  t o  ground. The osci l loscope input  channels were s2t t-, be s m e d  
(A + B mode) o r  t o  be subtracted (A - B m d e ) .  I t  t h e  A + B mode, t he  
v e r t i c a l  d e f l e c t i o n  of the  oscilloscope! w a s  proport ional  t o  one-half t he  
sum of V1 + V2, the  average common mode vol tage.  When the  osci l loscope 
w a s  set t o  t h e  A - B m d e ,  the  v e r t i c a l  d e f e l e c t i o n  w a s  proport ional  t o  
V I  - V2, the  d i f f e r e n t i a l  o r  t i ne - to - l ine  vol tage.  The maximun: common- 
mode voltage,  then w a s  proport ional  to the  average common-mode vol tage 
p lus  one-half of t he  d i f f e r e n t i a l  vol tage.  Thus, t he  osc i l l o scope  could 
be operated i n  e i t h e r  of two imput modes, allowing a l ine - to - l ine  or  a 
line-to-ground meas'irement t o  be made without a change of connection 
po in t s  f o r  t he  test cable.  

Measurements were made on osc i l l o scope  inpu t s  A and B with ie- 

The 5000-ohm series r e s i s t o r s  i n  each meas:iremer?t !.he prevei ted 
capacitance loading of the s i g n a l  source by the  d i s t r i b u t e d  capaci tance 
of t he  measurement cable.  Thz terminat ing r e s i s t o r  L i t  the osci l loscope 
input  i n  conjun:tion with the  5000-ohs series r e s i s t o r s  Fro\€ded an at- 
tenuat icn of the  measured s i g n a l  t h a t  pravenLed osci l lgscope s a t u r a t i o n .  
In  add i t ion ,  t h e  t e rn ina t ing  r e s i s t o r s  were chosen t o  match the  surge 
impedance of the  asasuremept cable .  

The volcageu developed a t  osc i l l o scope  i n p u t s  A and 3 are cldrived 
i n  equations 6 and I when thL 1cadir.E b f f e c t  of t ; ; e  5000-ohm r e s i s t o r s  
is neglected.  This s i m p l i f i c e t i n n  i n t r o d x e s  1 ~ s  thdn 2 prcerit e r r o r .  

x v;. 1 75 
3 5000 75 r V 1 + - x - -  (6) VA = - 5000 

I 75 
3 5000 v1 75 x v 2 + - x -  17) VB = - 5000 
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Vertic,, d e f l e c t i o n  of t he  osc i l loscope  i n  the  A + B mode is  ob- 
ta ined  by the  add i t ion  oc equat ions 6 and 7 and r e s u l t s  i n  equat ion 8. 

100 1 
5000 50 

loo + v2 x - = - (V, + V2) (8) VA + vB = v i  X - 5000 

Vertical d e f l e c t i o n  of t he  osc i l l o scope  i n  the  A - B mode is ob- 
ta ined  by sub t r ac t ing  equat ion 7 from equat ion G and r e s u l t s  i n  equa- 
t i o n  9. 

1 x v2 = - (V, - V,) 50 - -  
5000 1.00 

Based on equat ions 8 and 9,  the  v e r t i c a l  osc i l loscope  de f l ec t ion  
i n  v o l t s  should be mul t ip l ied  by 100 t o  ob ta in  the  l ine- to- l ine  vol tage  
(VI  - V2). Vertical d e f l e c t i o n  should be mul t ip l i ed  by 50 t o  ob ta in  
the  sum of line-to-ground vol tages  (VI + V,). 

The s t a t e d  v e r t i c a l  de f l ec t ions  of a l l  osci l lograms i n  t h i s  r epor t  
have been cor rec ted  t o  remove t h e  a t t enua t ion  f a c t o r s  and r e f l e c t  a c t u a l  
measured induct  ion.  

4.0 TEST RESULTS 

4.1 Linea r i ty  of Scal ing 

Analy t ica l  work and previous tests i n d i c a t e  t h a t  induced vo l t ages  
r e su l t i ng  from low-amplitude t e s t  c u r r e n t s  can be sca led  up t o  f u l l -  
t h rea t  l i gh tn ing  l e v e l s .  One of t he  ob jec t ives  of t h i s  test was t o  ver- 
i f y  the  l i n e a r i t y  of sca l ing .  

Table V shows the  r e l a t i v e  induced vol tage  measured a t  t h e  4000- 
and 8000-ampere s t roke  l e v e l s .  The t w o  va lues  for each c i r c u i t  were mul- 
t i p l i e d  by a constant  t h a t  w a s  s e l e c t e d  t o  normalize t h e  va lue  measured 
a t  8000 amperes a t  200 v o l t s .  When a l l  va lues  were averaged, t h e  vo l t -  
age a t  t he  4000-ampere s t roke  l e v e l  was 18.2 percent  h igher  than the  
l i n e a r  pred ic ted  value.  

Figures 10 through 15 a r e  s i x  sets of osci l lograms taken a t  the  
4000-ampere and 8000-ampere s t roke  l e v e l s .  Examination of t he  o s c i l l o -  
gams shows t h a t  i n  cases where rhe induced vol tage  was dominated by high 
frequency content ,  the  peak amplitude a t  the  8000-ampere s t r o k e  l e v e l  was 
less than two times t h a t  r e s u l t i n g  from the 4000-ampere s t roke .  
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The leading edge of the simulated l i gh tn ing  cu r ren t  waveform shows 
a high-frequency cu r ren t  component superimposed on the  exponent ia l  rise 
of the  cur ren t  waveform ( f ig .  16).  This high-frequency component w a s  
caused by the  l i gh tn ing  cur ren t  generator  t r i g g e r  capac i to r  (200-pico- 
fa rad)  discharging i n t o  and ion iz ing  the spark gap. 
discharged the  main capac i tor  bank (6-microfarad) i n t o  the  vehicle .  Yig- 
ure  1 7  shows the  generator  c i r c u i t  involved. When the  t r i g g e r  capac i to r  
discharged, rates of cur ren t  change generated were 6 t o  10 times higher  
than those caused by the main bank capac i to r  discharge.  Equation 10 in- 
d i c a t e s  the  rate of cu r ren t  change upon i n i t i a l  discharge of t he  t r i g g e r  
capac i tor  charged t o  225 000 vo l t s .  

The spark gap then 

(10) - d1 - E = 225 lo3 = 45 x 109 amperes/sec when t = 0 
dt 5 10-6 

Equation 10 is v a l i d  when the  t r i g g e r  bank discharges i n t o  t h e  es- 
(The timated 5 microhenrys of the  veh ic l e  and the  coaxia l  feed system. 

main capac i tor  bank i n t e r n a l  inductance was estimated t o  be 3 micro- 
henrys.) Although the  t r i g g e r  discharge energy content  w a s  more than 
th ree  o rde r s  of uagnitude below t h a t  of t h e  main bank discharge,  i t  con- 
ta ined =re energy a t  the higher  f requencies  than t h e  main discharge,  
and thus exc i ted  the spacecraf t  c i r c u i t  high-frequency resonances. 

Since the t r i g g e r  capac i to r  w a s  charged t o  the same vol tage  l e v e l  
f o r  each s t roke  while the  main capac i tor  bank w a s  charged t o  34 000 v o l t s  
f o r  the  4000-ampere s t roke  and 68 000 v o l t s  f o r  the 8000-ampere s t roke ,  
t he  high-frequency energy spectrum remained constant  while t he  low- 
frequency energy spectrum doubled between the  4000- and 8000-ampere 
s t rokes .  
t h a t  contained a s i g n i f i c a n t  por t ion  of t h e  energy at 1-megahertz and 
higher  f requencies  were scaled.  

This expla ins  the non l inea r i ty  observed when induced vol tages  

Scal ing of induced vol tages  i n  t h i s  repor t  includes the  high f r e -  
quency content .  
30 t o  50 percent  i f  the  high frequency content  of the  induced vol tage  
waveforms were excluded. Since information on the  high-frequency spec- 
tral  content  of a n a t u r a l  OL- t r i gge red  l i gh t idng  s t roke  is l i r i t e d ,  t he  
high-frequency response of c i r c u i t s  is included in t h e  scaled vol tages  
f o r  conservatism. 

The scaled induced vol tages  shown could be reduced from 

4.2 C i rcu i t  Induced Voltages 

Table VI summarizes the  l i gh tn ing  induced vol tages  measured and 
sca led  on spacecraf t  e l e c t r i c a l  c i r c u i t s .  A l l  these measurements were 
taken a t  a 4000-amp~t~  s t roke  l e v e l  with a 2 microsecond rise time. 
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Q Lswrk gap 

3 microhenrys 

34 000 volts 

(main capacitor (trigger bank) 
bank) 

225 000 volts f 
A 6 microfarads 200 picofarads L 5 microhenrys 

(vehicle and 
feed system) 

Figure 17 .- Equivalent circuit of simulated lightning current path. 



TABLE VI . -  LIGHINIK INDUCFD VOLTAGES Hu\SURED I N  C S n  119 ELECTRICAL CIRCUITSa 

C i r c u i t  

' h t t e r y  r e l a y  bus 

E€ bus &in A 

LC bus main B 

AC bus 1.. phase A 

AC btis 1. phase B 

AC bus 1. phase C 

AC bus 2. phase A 

AC bus 2. phase B 

AC bus 2. phase C 

Yaw extend c l u t c n  output  

B o l l  gym uncage r e l a y  d r i v e r  

I g n i t i m  select no. 1 

% a c t i o n  c o n t r o l  system d r i v e r  
m v ? i f  ier B1 

IY: r e t u r n  t o  coupl ing  d a t a  
a n i t  s t r u c t u r e  

N.sster event  stquence c o n t r o l l e r  B 

'Master event sequence c o n t r o l l e r  A 

Launch v e h i c l e  emergency d e t e c t i o n  
system pover (cmnon rode)  

S-IVB stage l i q u i d  oxygen 
tank  A p r e s s u r c  

Emergency d e t e c t i o n  system 
l i f t - o f f  s i g n a l  A 

Emergency d e t e c t i o n  system a b o r t  1 

Emergency d e t e c t i o n  system a b o r t  2 

Emergency d e t e c t i o n  system 3bort  3 

Spacecraf t  c o n t r o l  p i t c h  
a t t i t u d e  e r r o r  

L 

Ueasured a t  
4000 amveres 

Line-line 

9 

40 

24 

4E 

52 

30 

36 

44 

43 

12 

7 

32 

17 

30 

62 

82 

180 

12 

34 

50 

62 

40 

1 

'(PI i n d i c a t e s  p a s s  and (F) i n d i c a t e s  t a i l .  

bTime t o  peak was 2 microseconds in a l l  cases.  

'Service module j e t t i s o n  c i r c u i t s .  

h e - g r o u n d  

24.5 

50 

57 

81.5 

81 

107.5 

100.5 

99.5 

% 

4 1  

11 

43.5 

23.5 

30 

85.7 

109.5 

180 

56 

51.5 

67.5 

131 

80 

NA 

i tn ing  induced v o l t d i e s  

Average s t r o k e  of 
30 OOO amperes 

he-1 i n e  
1 
ine-ground 

184 (P) 

-- 

375 (P) 

427 (P) 

610 (P) 

607 ( 2 )  

805 (PI 

754 (P) 

746 (PI 

720 (P) 

307 ( P i  

82.5 (P) 

328 (P) 

176 {P) 

225 (P> 

642 (P) 

811 (P) 

1350 (F) 

420 (P) 

386 (P) 

505 (P) 

983 (P) 

600 (P) 

NA 

F u l l - t h r e a t  s t r o k e  of 
230 N O  amperes 

) 

.ine-line 

450 (F) 

2000 (F) 

1200 (P) 

2400 (F) 

2600 (F) 

l5OC (F) 

1800 (F) 

223c (F) 

2100 (P) 

b00 !F) 

350 (F) 

1600 (F) 

850 IF) 

1500 (F) 

3100 (F) 

4100 (F) 

9000 (F) 

600 (P) 

1700 (F) 

2500 (F) 

3100 (F) 

2000 (F) 

50 (P) 

Llnc-ground 

1225 (P) 

2500 (P) 

2850 (F) 

40'5 (F) 

4050 IF) 

5375 (F) 

5050 (F) 

4990 (Fj 

.9EN (f) 

2050 (F) 

550 (P) 

2175 (F) 

1175 (P) 

1500 (F) 

3930 (F) 

4800 (F) 

3000 (F) 

2800 (F) 

2600 (F) 

3000 (F) 

6550 (F) 

4000 (F) 

NA 
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Table VI a l s o  shows the induced vol tage a f t e r  l i n e a r  scale-up t o  30 000 
amperes (average l e v e l )  and 200 000 amperes ( f u l l - t h r e a t  l e v e l ) ,  both with 
2 microsecond rise times. A pass ( P ) / f a i l  (F) no ta t ion  fol lows each vo l t -  
age e n t r y  i n  t a b l e  VI f o r  the  30 000- and 200 000-ampere l e v e l s .  
f a i l  c r i t e r i a  are based on manufacturer s teady-s ta te  component r a t i n g s  
and may be conservat ive f o r  some of the short-durat ion t r a n s i e n t s  ob- 
served; however, short-durat ion t r a n s i e n t  r a t i n g s  are not  genera l ly  
ava i l ab le .  A d e t a i l e d  d iscuss ion  of each c i r c u i t  and the  p o t e n t i a l  
f a i l u r e  mode is  given in  appendix B. 

Pass /  

4.3 Pyrotechnic T e s t  Resul t s  

The s t r a y  e l e c t r i c a l  energy ind ica to r  (SEEI) conta ins  a 1-ohm f u s i b l e  
r e s i s t o r  i n  p a r a l l e l  with the  5-ohm bridgewire.  
an  increase  i n  c i r c u i t  r e s i s t a n c e  of about 200 milliohms. 

A f i r e d  SEEI r e s u l t s  i n  

Baseline pyrotechnic  c i r c u i t  resistance measurements were i n i t i a l l y  
taken. Resistance measurements a f t e r  the  f i r s t  test (4000 amperes i n  2 
microseconds) ind ica ted  t h a t  no SEEI's had f i r e d .  The next test (8000 
amperes i n  2 microseconds) f i r e d  SEEI's at  th ree  loca t ions :  

a. Tension t i e  detonator  

b. Service module c i r c u i t  i n t e r r u p t e r  

c. P i l o t  mcrtar 2 

The p i l o t  mortar SEEI w a s  under the  forward hea t  sh i e ld  and was in- 
access ib le .  The o t h e r  two f i r e d  SEEI'S were replaced,  and the  test was 
repeated a t  the  8000-ampere l eve l .  No add i t iona l  f i r i n g s  occurred. 

The two access ib le  SEEI'S were then replaced with battery-powered 
peak reading vol tmeters .  Subsequent t e s t i n g  produced peak vol tages  (pin- 
to-case mode) of 200 v o l t s  a t  the  4000-ampere s t roke  l e v e l  and 320 v o l t s  
a t  t he  8000-ampere l e v e l .  
ground vol tage  measurements made using the  osc i l loscopes  s ince  the  200- 
v o l t  measurement scales t o  a f u l l - t h r e a t  l e v e l  (50 x 200 v o l t s )  of 10  000 
v o l t s .  Some of t he  78 u n i t s  i n s t a l l e d  would have a minimum f i r i n g  vo l t -  
age below t h a t  ind ica ted  by the six u n i t s  f i r e d  during s e n s i t i v i t y  test- 
ing  p r i o r  t o  shipment ( t a b l e  111). Therefore,  the  f i r i n g  of t he  th ree  
SEEI's a t  a 320-volt pin-to-case l e v e l  could be expected. The pyrotech- 
n i c  por t ion  of the  test was terminated without t e s t i n g  a t  the  1 2  000- 
ampere l e v e l  because a d d i t i o n a l  margin could not be demonstrated. 

These r e s u l t s  genera l ly  agree with l ine- to-  
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SEE1 r e s u l t s  show a +2.4 dec ibe l  s a f e t y  margin f o r  75 of the  78 test 
spacecraf t  pyrotechnic c i r c u i t s .  
the  remaining th ree  c i r c u i t s  gave a +6 dec ibe l  s a fe ty  margin f o r  f u l l -  
t h r e a t  l igh tn ing .  The wire rout ing  f o r  the inaccess ib l e  pyrotechnic cir- 
c u i t  would not  sub jec t  i t  t o  higher  induced vol tages  than t h e  cither pyro- 
technic  c i r c u i t s .  Therefore,  a l l  of the test veh ic l e  pyrotechnic c i r c u i t s  
have a t  least a +2.4 dec ibe l  margin of s a f e t y  f o r  f u l l - t h r e a t  l igh tn ing .  

Induced vol tage  measurements on two of 

4.4 F ie ld  Coil  Measurement Resul t s  

The two measurement c o i l s  loca ted  i n  the  command module tunnel  
yielded 969 v o l t s  per square meter of loop area f o r  t h e  +Y axis l oca t ion  
and 1292 volts per  square meter f o r  the  -Y axis loca t ion  when the  r e s u l t s  
were sca led  up t o  a f u l l - t h r e a t  s t roke  of 200 000 amperes with a 2 micro- 
second rise tine. The Thevenin equivalent  c i r c u i t  source impedance (open- 
c i rcu i t  vol tage divided by shor t - c i r cu i t  cu r ren t )  w a s  less than 1 ohm. 
This  r e s u l t  confirmed previous test r e s u l t s  and ind ica t ed  t h a t  t h e  source 
impedance assoc ia ted  with l i gh tn ing  induced vol tages  can be neglected f o r  
the  purposes of c i r c u i t  ana lys i s .  

4.5 Duplicat ion of Apollo 12 Lightning 
Induced Equipment Disturbances 

The A ~ o l l o  12 space veh ic l e  was s t ruck  by l i gh tn ing  twice during the  
launch phase ( r e f .  1). The l i g h t n i n g  s t r i k e s  caused a number of equipillent 
opera t ion  upse ts ,  and some equipment f a i l u r e s .  
experienced equipment opera t ion  upse ts  as a r e s u l t  of t he  appl ied 4000- 
ampere cur ren t  pulse .  The following is a list of upse ts  experienced by 
both t h e  test spacecraf t  and the  Apollo 12 spacecraf t .  

The test spacecraf t  a l s o  

a. Fuel cells disconnected. 

b. Coupling da ta  u n i t  counter b i t s  were set .  

c. Central timing equipment r e s e t  t o  zero.  

d. Master alarm came on. 

e. DC bus undervoltage warning l i g h t s  came on. 

f .  Signal  condi t ioner  equipment had a momentary dropout. 

The following is a l i s t  of Apollo 12 upse ts  and f a i l u r e s  t h a t  did 
not occur during the  t e s t i n g :  

a. AC bus 1 undervoltage f a i l  l i g h t  .me on. 
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b. AC 1 and 2 overload l i g h t s  came on. 

c. The i n e r t i a l  measuring u n i t  l o s t  reference.  
Apollo 12 problem, t h e  copmpand module computer program w a s  modified t o  
prevent recurrence of  this problem, precluding t h e  s i t u a t i o n . )  

(As a result of t h e  

d. The r e a c t i o n  c o n t r o l  system p rope l l an t  quan t i ty  measurement 
t ransducers  failed. .  (These were disconnected f o r  t h e  tests .) 

e. Four service module o u t e r  su r f ace  temperature measurement t r ans -  
ducers f a i l e d .  (These were not  i n s t a l l e d . )  

From t h e  preceding comparison and the  d a t a  summarized i n  t a b l e  V I ,  
t h e  Apollo 12 l i g h t n i n g  s t roke  had a c u r r e n t  rate of rise i n  t h e  range 
from 2000 t o  15 000 amperes pe r  microsecond. 

5.0 CONCLUSIONS 

5.1 General 

a. 
damped s i n e  wave in s t ead  of t h e  damped exponent ia l  waveform used i n  t h i s  
type of test. 
onance is an important f a c t o r  i n  c i rcu i t  peak response. Therefore, t h e  
damped exponent ia l  waveform which con ta ins  the s p e c t r a l  d i s t r i b u t i o n  of 
a n a t u r a l  l i g h t n i n g  s t roke  is necessary t o  e x c i t e  c i r c u i t  resonances 
r a t h e r  than t h e  l i m i t e d  frequency content  of a damped s i n e  wave. 

T e s t  waveform - Some a u t h o r i t i e s  have promoted t h e  use of a 

Oscillograms of induced vo l t age  i n d i c a t e  t h a t  c i r c u i t  res- 

b. Simulated l i g h t n i n g  test l e v e l  - The test levels were chosen t o  
confirm the  v a l i d i t y  of l i n e a r  s ca l ing ,  v e r i f y  pyrotechnic margins using 
e x i s t i n g  s e n s i t i v e  s imula to r s ,  and prevent damage to  t h e  spacec ra f t .  The 
r a t i o  of the  s e n s i t i v i t y  of t h e  pyrotechnic i n i t i a t o r  s imulator  t o  t h a t  
of t h e  f l i g h t  pyrotechnic i n i t i a t o r  was  the  prime f a c t o r  i n  s e l e c t i n g  
test l e v e l s .  T e s t  l e v e l s  an o rde r  of magnitude lower could have been 
used i f  c i r c u i t  responses had been measured in s t ead  of using go/no-go 
d e t e c t o r s  such a s  t h e  pyrotechnic s imulators .  A reduced test l e v e l  
should be considered f o r  f u t u r e  t e s t i n g  t o  s implify the  tes t  configura- 
t i o n  and simulated l i g h t n i n g  generat ion equipment. 

c .  Measurement technique - Obtaining photographs of o sc i l l o scope  
traces (oscil lograms) was t h e  prime method of d a t a  c o l l e c t i o n .  This 
technique i s  necessary f o r  any measurement i n  which an a c t i v e  component 
can change state or operate  through a vol tage range as a r e s u l t  of an in-  
duced t r a n s i e n t .  
c i r c u i t s  with passive components. 

Peak-reading vol tmeters  can be used when monitoring 
I f  peak-reading vol tmeters  were used 
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on a c t i v e  c i r c u i t s ,  t he  r e s u l t i n g  reading would be a combination of iu- 
duced vol tage and component change-of-state voltage.  Only t h e  induced 
vol tage can be scaled.  The t w o  components can be separated using an 
oscil logram. Peak-reading vol tmeters ,  i f  used, should have a charging 
t i m e  constant  of less  than 1 0  nanoseconds. 

d. Linear s c a l i n g  - The v a l i d i t y  of s c a l i n g  induced vol tages  w a s  
demonstrated w i t h  s u f f i c i e n t  r i g o r  t o  j u s t i f y  the  conclusions reached i n  
t h i s  r e p o r t ;  however, t h e  high-frequency s p e c t r a l  content of t he  t es t  
waveform d id  not double as t he  tes t  l e v e l  vas doubled because of the  
method used t o  t r i g g e r  t h e  discharge of t he  main capac i to r  bank. The 
induced vol tages  scaled t o  average and f u l l - t h r e a t  l e v e l s  were from 30 
t o  50 percent high because o f  t h e  t r i g g e r  c i r c u i t  r inging.  

5.2 Spec i f i c  

a.  The highest  induced vol tages  were measured i n  the  wir ing which 
was routed c l o s e  t o  t h e  main l i g h t n i n g  cu r ren t  paths.  

b. Many of t h e  power and s i g n a l  c r i t i ca l  c i r c u i t s  would f a i l  i t  sub- 
j e c t e d  t o  f u l l - t h r e a t  (200 000-ampere) l i gh tn ing .  Power and s i g n a l  c i r -  
c u i t s  are marginal f o r  an average l i g h t n i n g  s t roke  of 30 000 amperes. 

c. Pyrotechnic c i r c u i t s  are safe f o r  f u l l - t h r e a t  l i gh tn ing .  The 
test deinonstrated a s a f e t y  margin of a t  least +2.4  dec ibe l s  f o r  t h e  test 
spacec ra f t .  
25 000 v o l t s  f o r  t h e  SBASI and, as discussed i n  paragraph 3.3, t h e  t r u e  
a l l - f i r e  l e v e l  is probably much higher.  

This ,  however, was based on an assumed a l l - f i r e  l t v e l  of 

d .  Common-mode (line-to-ground) vol tages  were higher than expected 
and exceeded the  f a i l u r e  c r i t e r i a  l e v e l  f o r  a l l  but t h ree  of t h e  c i r c u i t s  
t e s t e d .  C i r c u i t  f a i l u r e s  a t  the f u l l - t h i e a t  level were predicted on such 
a high percentage of t he  c i r c u i t s  inves t iga t ed  t h a t  design co r rec t ions  t o  
improve s u r v i v a b i l i t y  are not p r a c t i c a l .  
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- APPENDIX A - STRAY ELECTRICAZ, ENERGY INDICATOR 

The SEEI i n i t i a t o r  is i d e n t i c a l  t o  the s i n g l e  bridgewire Apollo 
standard i n i t i a t o r  (SBASI) shown i n  f igu re  A-1 with t h e  following excep- 
t ions : 

1. The bridgewire is Tophet* a l l o y  ins tead  of N i l s t a in*  a l loy .  
The r e s u l t a n t  bridgewire r e s i s t ance  is 4.5 k0.7 ohms ins tead  of 1.05 
50.1 ohms. 

2. The ceramic charge cup is s i l v e r  p l a t ed  (except i n  the  area of 
the  bridgewire) t o  provide an e l e c t r i c a l  path t o  the body. 

3. The bridgewire is thermally i s o l a t e d  from the  ceramic charge 
cup by H-film. 

4. The bridgewire is s l u r r i e d  with lead s typhnate  ins tead  of Space 
Ordnance Systems* (SOS) no. 108 mix. 

5. The SOS no. 108 explosive charge t h a t  i s  pressed over t he  lead 
s typhnate  i s  bound with varn ish  ins tead  of Viton-B.* 

6. The SEEI i n i t i a t o r  i 6  .munted i n  a housing with an i n t e r n a l  ex- 
tendable bellows. I n i t i a t i o n  causes extension of t he  bellows pas t  a 
viewing hole i n  the  housing t o  confirm a c t i v a t i o n .  

*Trade names. 
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APPEXQIX B - INP'EED VOLTAGE CIRCUIT EFFECTS 

This appendix conta ins  a d i scuss ion  of the  c i r c u i t  e f f e c t s  or' the  
vo l t ages  measured when sca led  t o  f u l l  l i gh tn ing  l e v e l s .  A s impl i f i ed  
schematic of each c i r c u i t  type monitored is given, as w e l l  as o s c i l l o -  
grams of t he  d i f f e r e n t i a l  and conunon-mode vo l t ages  measured during the  
test .  The vol tages  quoted are scaled t o  a 200 000-ampere-peak ( f u l l -  
t h r e a t )  l i gh tn ing  s t roke  and a 30 000-ampere-peak (average) l i gh tn ing  
s t roke ,  both with 2-microsecond rise times. 
plyit lg measured vol tages  by 50 f o r  f u l l - t h r e a t  and by 7.5  f o r  average 
l i gh tn ing .  

Scal ing wr+s done by multi-  

A l l  measured and scaled vol tages  are given i n  t ab le  VI. 

The d iscuss ions  of c i r c u i t  e A f e c t s  are based on manufacturer 's  com- 
ponent maximum d-c r a t ings .  This g ives  conservat ive r e s u l t s  i n  many 
cases s i n c e  most e l e c t r o n i c  components can surv ive  short-duratio,i trm- 
s i e n t  vo l tages  much h igher  than the  maximum d-c racings.  
t e s t i n g  has  shown t h a t  dry and wet tantalum capac i to r s  w i l l  not  f a i l  
when subjected t o  vol tage  t r a n s i e n t s  sho r t e r  than 25 microseconds dura- 
t i o n  ( r e f .  2) .  

For example, 
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B . l  Bat tery Relay Bus and Direct Current Buses 

The measured d i f f e r e n t i a l  and comnon-mode vol tages  f o r  d i r e c t -  
cur ren t  bus main A sca led  t o  f u l l - t h r e a t  l e v e l  were 2000 and 2500 v o l t s ,  
respect ively.  
vo l tage  (2850 v o l t s ) .  The ba t t e ry  relay bus showed lower d i f f e ren t  i a l  
and common-mode vol tages  than e i t h e r  d i rec t -cur ren t  buses main A o r  B. 

Direct cur ren t  bus main B showed a higher  comnon-mode 

The b a t t e r i e s  and f u e l  c e l l s  have verv low i n t e r n a l  impedances and 
many equipments t h a t  use  d-c power froln the buses have input  f i l t e r  ca- 
pac i to r s  t h a t  appear as shor t  c i r c u i t s  t o  the  l i gh tn ing  induced vol tages .  
As a r c s u l t ,  the  high negat ive d i f f e r e n t i a l  vol tage would appear ac ross  
the cur ren t  i s o l a t i o n  diodes ( f ig .  B-1) exceeding the reverse  vol tage  
r a t i n g s  (400 t o  600 v o l t s )  and causing the  diodes t o  sho r t .  A shorted 
i s o l a t i o n  diode would allow the  assoc ia ted  f u e l  cell o r  b a t t e r y  to  take  
reverse  cu r ren t  from the  bus i f  t he  bus vol tage w a s  higher  than the  f u e l  
cel l  o r  ba t t e ry  terminal voltage.  

The high common-=de vol tage  induced by a fu l l - th rea t  l i gh tn ing  
s t roke  could cause arc-over i n  the wir ing,  coupling the  high vol tage  i n t o  
the i s o l a t i o n  diodes with the r e s u l t s  noted above. An average l i gh tn ing  
s t roke  would give d i f f e r e n t i a l  and common-mode vol tages  of 300 and 427 
v o l t s ,  respec t ive ly ,  which should not  cause component damage. 
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B.2 Alternating Current Buses 

Differential and colPPonarode voltages for alternating-current bus 1 
phase B (fig. B-2) for the full-threat level uere 2600 and 4050 volts, 
respectively. 
all three phases of both buses. Alternating-current bus 1 phase C showed 
the highest CoIpIIDn-Pode voltage (5375 volts). The 4050 volts comaron-&e 
would be expected to arc through w i r e  insulation. 
path w a s  created due to c0-n d e ,  the arcing would continue because 
the inverter is a lm-impedance high-current source. Ultimately, the 
associated alternatiag-cutrent phase circuit breakers would open. The 
arcing could also short turns in the -tors or transforeer windings, and 
lead to component failures. 

The differential voltage w a s  the highest experienced b y .  

If an insulation char 

Tbe differential and comn-mode voltages resulting from an average 
lightning stroke wuld be 390 and 805 volts, respectively, which should 
not cause arc-over. 



Phase B 

Vehicle 1 
point 
ground f 

AC 1, phase B bus 

breakers AC 1, phase C Measurement 
points 

Phase A AC r e t m  bus 

Invert= AC 1, phase A bus 

Test pulse: 4000 amperes 

Sweep speed: 2 rnicroseconds/division 
Measurement mode: A - B 

in 2 microseconds 
g u--- Vertical: 20 volts/division * r t  
'3 

Test pulse: 4000 amperes 
in 2 microseconds 

Vertical: 50 volts 

Measurement mode A + B 
, Sweep swed: 2 microseconds/division 

I 

Figure 8-2 .- AC bus 1, phase 8 .  
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B.3 Yaw Extend Clutch Output 

The f u l l - t h r e a t  d i f f e r e n t i a l  and coarronmde vo l t ages  were 600 and 
2050 v o l t s ,  respec t ive ly .  
sho r t  the spike suppression t r a n s i s t o r  c o l l e c t o r ,  which is r a t ed  at  40 
volts. The yaw extend c l u t c h  coil  would then be bypassed by a shor t  cir- 
c u i t .  
could result in  the d r i v e r  sho r t ing  since the d r i v e r  ou tput  cu r ren t  would 
no longer  be l imi t ed  by the  extend c lu t ch  c o i l  resistance. 

The d i f f e r e n t i a l  vo l t age  is s u f f i c i e n t  t o  

Subsequent ope ra t ion  of  the c lu t ch  d r i v e r  shown in f i g u r e  B-3 

The high coumon-aPode vol tage  could arc Over the wir ing,  s h i f t i n g  the 
high copIBon-mode vol tage  t o  the sp ike  suppression network and, again,  
causing t r a n s i s t o r  f a i l u r e .  

The corresponding d i f f e r e n t i a l  and c o m m n - d e  vo l t ages  f o r  an aver- 
age l i gh tn ing  stroke are 90 v o l t s  (which exceeds the sp ike  supression 
transistor r a t i n g )  and 307 volts, respec t ive ly .  
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C m a n d  Service 
module module . 1 

I 
I I 
I 
I 
I 
I 

-1- re--- 
1 -  

I 
I 
I 
I 

Test pulse: 4000 amperes 

Vertical: 10 volts/division 
Sweep speed: 2 microsecomls/division 
Measurement mode: A - B 

in 2 microseconds 

Test pulse: 4 
in 2 micro 

Vertical: 50 
Sweep speed: 
Measurement 

000 amperes 
seconds 
vo It  s/d iv i si o n 

mode: A + B  
2 microsecond s /d iv i s io n 

Figure 6-3.- Yaw extend cluch output. 
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B.4 Rol l  Gyro Uncage Relay Driver 

About 1 microsecond after the t e s t  pulse  w a s  appl ied ,  the  relay 
d r i v e r  ( f i g .  B-4) turned 0’1, as shown by the  24-volt decrease i n  the  
minus B oscil logram. This most l i k e l y  w a s  caused by induced vol tage  
being coupled i n t o  the d r i v e r  c i r c u i t  upstream of the  d r i v e r  t r a n s i s t o r  
s ince  only 14 v o l t s  peak was induced i n  the  d r i v e r  output  l i n e ,  which 
is i n s u f f i c i e n t  t o  cause turn-or?. 

The f u l l - t h r e a t  d i f f e r e n t i a l  and common-mode vol tages  were 350 and 
550 v o l t s ,  respec t ive ly .  The 350 v o l t s  d i f f e r e n t i a l  is s u f f i c i e n t  t o  
break down the  t r a n s i s t o r  c o l l e c t o r  ( r a t ed  a t  80 v o l t s )  and could cause 
the  t r a n s i s t o r  t o  sho r t .  The 550 v o l t s  common-mode is not high enough 
t o  cause arc-over i n  the wiring. 

The d i f f e r e n t i a l  and common-mode vol tages  r e s u l t i n g  from an average 
l igh tn ing  s t roke  were 52 and 82 v o l t s ,  respec t ive ly .  
f e r e n t i a l  added t o  the  28 v o l t s  spacecraf t  power normally appl ied  t o  the  
t r a n s i s t o r  co l l ec to r  g ives  80 v o l t s ,  i n s u f f i c i e n t  t o  break down the  t ran-  
s i s t o r  co l l ec to r .  

The 52 v o l t s  d i f -  
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B.5 Ign i t ion  Se lec t  No. 1 

The d i f f e r e n t i a l  and common-mode vol tages  r e s u l t i n g  from a f u l l -  
t h r e a t  s t roke  w a r e  1600 and 2175 v o l t s ,  respec t ive ly .  
diode shown i n  f igu re  B-5 has a reverse  vo l t age  r a t i n g  of 600 v o l t s .  
The 1600 v o l t s  is s u f f i c i e n t  t o  sho r t  the  suppression diode s i n c e  the  
only o t h e r  components i n  the  induct ion loop ( t h a t  w i l l  l i m i t  cu r r en t  
through the  suppression diode) are the  b a t t e r y  and one or more forward 
biased s t ee r ing  diodes i n  the  power d i s t r i b u t i o n  system (not shown). 

The suppression 

If  the  suppression diode shor ted ,  t h e  c i r c u i t  breaker t h a t  supp l i e s  
the reac t ion  con t ro l  system reac t ion  j e t  and engine on-off con t ro l  l o g i c  
and the  se rv ice  propulsion system engine propel lan t  p i l o t  valves  would 
open. 
u re ,  the  se rv i ce  propulsion system would be unusable. 

Since the  i d e n t i c a l  redundant c i r c u i t  is sub jec t  t o  the  same f a i l -  

The common-mode vol tage  (2175 v o l t s )  could arc over the  wir ing,  
coupling the  high vol tage  i n t o  the  r eac t ion  con t ro l  system jet  and en- 
gine on-off con t ro l  l o g i c  components. 

An average l i gh tn ing  s t roke  would induce 240 v o l t s  d i f f e r e n t i a l ,  
and 328 v o l t s  common mode. 
but the  d i f f e r e n t i a l  vo l tage  may be s u f f i c i e n t  t o  damage l o g i c  components. 

T h e  cormon-mode vol tage  shoulrr be acceptable  
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B . 6  Reaction Control System Driver Amplifier B 1  

The measured d i f f e r e n t i a l  v Ttage ( f i g .  B-6) stepped down 10  v o l t s  
a t  2 t o  3 microseconds after the  start of t h e  test pulse.  Two microsec- 
onds later,  the  vo l t age  decreased another 10 v o l t s .  
accompanied by a damped o s c i l l a t i o n  bu r s t .  

Each decrease was 

The f i r s t  vo l t age  decrease was  probably caused by the  spike suppres- 
s i o n  t r a n s i s t o r  ( f i g .  B-6) turning on. This turn-on would r e s u l t  from 
the  d r i v e r  outplrt l i n e  induced vol tage charging the capac i to r  t h a t  is 
connected between the  suppression t r a n s i s t o r  c o l l e c t o r  and base. The 
spike suppression t r a n s i s t o r  turn-on would then draw cu r ren t  through the  
valve c o i l  and t h e  c o i l  would r ing ,  giving the  damped o s c i l l a t i o n  bu r s t .  

The second vol tage decrease could have r e su l t ed  from induced vo l t -  
age charging t h e  capaci tor  t h a t  is connected between the  d r i v e r  input  
t r a n s i s t o r  base and ground. This would turn on the d r i v e r  and t h e  in- 
creased cu r ren t  through the  engine valve coil would give another b u r s t  
of induct ive r icging.  

The d i f f e r e n t i a l  vol tage before turn-on of the spike suppression 
t r a n s i s t o r  scales up t o  850 v o l t s  f o r  a f u l l - t h r e a t  s t roke .  The scaled 
common-mode vo l t age  is 1175 v o l t s .  The d i f f e r e n t i a l  l e v e l  of 850 v o l t s  
exceeds the  d r i v e r  t r a n s i s t o r  maximum c o l l e c t o r  r a t i n g  by 790 v o l t s  and 
could cause t h e  t r a n s i s t o r  t o  sho r t .  The corresponding d i f f e r e n t i a l  vo l t -  
age f o r  an average s t roke  is 127 v o l t s ,  exceeding the  t r a n s i s t o r  maximum 
c o l l e c t o r  vol tage (60 v o l t s ) .  The common-mode vol tage f o r  a f u l l - t h r e a t  
o r  average l i gh tn ing  s t roke  is not high enough t o  exceed wire i n s u l a t i o n  
r a t ings .  



Vehicle 
DC retimi 

Test pulse: 4000 amperes 

Vert ical:  20 vol ts/div is ion 
Sweep speed: 2 inicroseconds/divi sior; 
Measurement mode: A - B 

i n  2 microseconds 

I 

I Test pulse: 4000 amperes 

. Sweep speed: 2 inicroscconcis/division 

i n  2 microseconds 
Vert ical:  50 vol ts/div is ion 

t .  . . . . . . . 
- -. r- '* 

I 0- r Measuremein mode: A f E 

Figure B-6.- Reactioi i  control system driver ampli f ier 61. 
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B . 7  Direct Current Return t o  Coupling Data Unit S t ruc tu re  

The f u l l - t h r e a t  d i f f e r e n t i a l  and the common-mode vol tages  were both 
1500 v o l t s ,  as expected, since one of t h c  measurement po in t s  w a s  s t ruc -  
t u r e  ( f i g .  B-7). The f a c t  t h a t  t he  tvo  vol tages  were the  sane va l ida t ed  
the  method used t o  measure the vol tages .  

The common-mode vol tage is s u f f i c i e n t  t o  arc through t h e  i n s u l a t i o n  
of t he  wir ing i n s i d e  the coupling da ta  u n i t .  Such a rc ing  could estab-  
l i s h  a second ground poitlt i n  t he  coupling d a t a  unit and couple ground 
loop vol tages  i n t o  the  u n i t  during subsequent operat ion.  
result i n  improper coupling d a t a  u n i t  operation. 

This  could 

The average l i g h t n i n g  s t roke  induced common-mode vol tage w a s  225 
v c l t s ,  which is sa fe .  



0 

, , Test  pulse: 4000 amperes 
- i n  2 microseconds w~ ’ Vert ical:  20 vol ts/div is ion 

Sweep speed: 2 v;:roseconds/divisioii 
Measurement mode: A - B 

- 
1 4 DC return I 

Test  pulse: 4000 amperes 

Vert ical:  50 vol ts/div is ion 
Sweep speed: 2 microsecond 
Measurements mode: A + B 

i n  2 microseconds 

Id i v  i sic I 

F igure  B-7 D’C: return to  couJing data unit structure. 
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B.8 Service Hodule J e t t i s o n  C i r c u i t s  

The fu l l - th rea t  induced d i f f e r e n t i a l  vol tage of 4100 v o l t s  is 
enough to  shor t  the  coemand mdule /serv ice  nmdule deadface re lay  sup- 
pression diode ( f ig .  B-8). With t b i s  diode shorted,  subsequent opera- 
tion of t h e  separat ion switch would result i n  a thermal-race-to-burn-open 
between this diode and the two series diodes feeding the  deadface r e l ay  
c o i l s .  If one ot  . two series diodes burned open f i r s t ,  t he  deadface 
re lays  could not be eaergized. 

A fu l l - th rea t  scaled common-mode vol tage of 4800 v o l t s  would a rc  
from wiring t o  s t ruc tu re .  
and shor t  the diodes. 

The c o m o n - d e  voltage then would couple iato 

The d i f f e r e n t i a l  and common-mode voltages r e s u l t i n g  from an average 
l igh tn ing  stroke are 615 v o l t s  and 811 volts, respect ively.  This d i f -  
f e r e n t i a l  voltage exceeds the  600-volt r a t i n g  of the  re lay  suppression 
diode. The common-mode vol tage is safe .  
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Coninland module Service module 

Separation 
switch 

Service noduk 
JettlSOcl COlltrOllff 
stat relays 

Command riodult - 
Cadface relays 

Veh& pound 

Measurmt  
points 

- 

Test pulse: 4000 amperes 

Vertical: 20 vol ts /d iv is ion 

4 

in 2 microseconds . .-- ---. .I! -I* , - r i  --I . -  ' .  

- - - - - _ T _ _ _  Sweep speed: 2 microseconds!division 
* Measurement mode: A - 6 

+ 
. . - - - . . . . . 

4 .  , * ! :  

Test pulsc: 4000 amperes 

Vertical: 50 volts/'division 
Sweep speed: 2 microseconds/division 
Measurement mode. A + B 

in 2 rnicroseconds 

Figure B-8 .- St rv i ce  module j c t t is ion c i rcui t .  
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B.9 Launch Vehicle h r g e n c y  Detection System Power 

The c i r c u i t  ( f i g .  B-9) w a s  de l ibe ra t e ly  grounded a t  the spacecraf t /  
launch vehic le  adapter  i n t e r f a c e  connector to  t r a n s f e r  the f u l l  comon- 
d e  vol tage to tbe aeasureeent po in ts  in the cabin. 
aode and d i f f e r e n t i a l  vo l tages  were, therefore ,  equal. 

Measured coaunon- 

The f u l l - t h r e a t  induced comaon--de voltage of 9OOO v o l t s  uould 
cause harness and connector arc-over to s t ruc tu re .  

The average induced comon-mode voltage of 1350 v o l t s  exceeds the  
1000-volt rating of miniature connectors used in s ide  e l e c t r o n i c  packages. 
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cutoff 
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utllt DC bus 
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Itistrutiieiit unit 
riot preset1 t for 
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l c s t  pulsc: 4000 amperes 
in  2 microseconds 

Vertical: 100 volts/division 
Sweep speed: 2 microseconds/division 
Measurement mode: A - B 

Test pulse: 4000 amperes 
in 2 microseconds 

Vertical: 100 volts/division 
Sweep speed: 2 micr iscconds/divisioti 
Measurement mode: C, + B 

Fiqure B - 9 . -  Emergency detection system powcr bus. 
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B.10 Launch Vehicle S-IVB Stage Liquid Oxygen Tank A Pressure 

The f u l l - t h r e a t  induced d i f f e r e b c i a l  vol tage was 600 v o l t s  and is 
i n s u f f i c i e n t  t o  damage any of the  c i r c u i t  components ( f ig .  B-10). 

The f u l l - t h r e a t  induced carrmon-mode vol tage was 2800 v o l t s ,  which 
would arc over from wire t o  s t ruc tu re .  Arc-over would e s t a b l i s h  a sec- 
ond c i r c u i t  ground poin t  and t r a n s f e r  the  common-mode vol tage t o  c i r c u i t  
components. Component damage could then be expected t o  occur. 

The average l igh tn ing  induced comnon-mode and d i f f e r e n t i a l  vol tages  
were 420 and 90 v o l t s ,  respec t ive ly ,  which are safe. 



Service 
mjdr;le 
II) 

75  000 

To 
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mctu 1 
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Test pulse: 4000 amperes in 

Vertical: 10 volts/division 
Sweep speed: 2 microseconds/division 
Measurement mode: A - B 

2 microsecoiids 

mmmmum 

Test pulse: 4000 amperes in 

Vertical: 50 volts/division 
Sweep speed: 2 microseconds/division 
Measurement mode: A t B 

2 iiiicrosecotids 

Figure 6-10.- Launch vehicle S-IVB stage liquid oxygen tank A pressure measurement. 
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B.ll Emergency Detection System Lift-off Signal A 

The full-threat induced differential and common-mode voltages were 
1700 volts and 2600 volts, respectively. 
automatic abort enable relay suppression diode (rated at 600 volts) shown 
in figure B-11, preventing subsequent operation of the relays. 
mode voltage could cause arc-over in the wiring and connectors. 

The 1700 volts could short the 

The common- 

The corresponding differential and cormon-mode voltages from an aver- 
These are safe. age lightning stroke are 225 and 386 volts, respectively. 



Ei4ierpcncy detection command Spacecraft to Iduilch vehicle 
system panr switch S W i C C  d d C S  adapter and instruntent unit CbSeS dl 

I i1l-otf -I- - 
Auto abat 
enable relays 

Vehicle 
ground 
point 

Not present for test 

Test  pitlse: 4000 amperes 

Vertical: 20 vo l t sh i i v i s ion  
Sweep speed: 2 microsecond s/d i v i  s i0  t i  
Measmment  mode: A - B 

E in 2 microseconds 

Test pulse: 4000 amperes 
in  2 microseconds 

Vert ical:  10 0 vo I t s/div i si oil 
Sweep speed: 2 micro scco rid s/clivi si0 t i  
Measurement mode: A + B 

* 
~ ....... ,... - , ' 9 7  ' I  

.&" 

F igure  6-11.- Emergency detection system l i f t -of f  signal A .  
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B.12 Emergency Detection System Automatic Abort Command 

The differential voltage for full-threat lightning was 3100 volts. 
T h i s  could arc over the automatic abort relay contacts in the instrument 
unit (fig. 8-12). The differential voltage wobld then be shifted to the 
emergency detection system abort relay suppression diodes, causing them 
to short. Shorted suppression diodes would prevent subsequent operation 
of the abort relays. 

The full-threat common-mode voltage of 6550 volts would cause arc- 
over in the wiring and connectors. 

An average lightning stroke would induce differential and comnon- 
mode voltages of 465 and 983 volts, respectively. These voltages would 
not be expected to cause hardware damage in the automatic abort c o m n d  
circuits. 



Test pulse: 4000 amperes in 

Vcrtical: 20 volts/ d i vis ion 
Sweep speed: 2 microseconds/divisiot: 
Measurement mode: A - B 

2 microseconds 

Test pulse: 4000 amperes in 

Vertical: 100 volts/division 
Sweep speed: 2 rnicroseconds/division 
Measurement mode: A + 8 

2 rnicroseconds 

Figure 8-12.- Ernergcticy detectloti system autoiiiatrc abort cormatid relay. 
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B.13 Spacecraf t  Control P i t ch  At t i t ude  Error  

The d i f f e r e n t i a l  v...ltage a t  f u l l - t h r e a t  l e v e l  was 50 v o l t s .  
is i n s u f f i c i e n t  t o  cause any problem since the  winding-to-winding insu la-  
t i o n  r a t i n g s  of the  instrument u n i t  transformer and t h e  coupling da ta  
u n i t  transformer ( f ig .  B-13) are 1000 v o l t s .  

This 

No v a l i d  common-mode vol tage  measurement was made because the  os- 
c i l loscope  used t o  make the measurements e s t ab l i shed  the  only s t r u c t u r e  
ground i n  the  system. 
power coaanon-mode measurement (sec. B.9) is r ep resen ta t ive  of t he  common- 
mode vol tage t h a t  could be expected i n  the  p i t c h  a t t i t u d e  e r r o r  c i r c u i t .  
That measurement sca led  t o  9000 v o l t s ,  s u f f i c i e n t  t o  arc over  i n  the  
wiring and rupture  the  interwinding i n s u l a t i o n  i n  both t ransformers  i n  
the p i t ch  a t t i t u d e  e r r o r  c i r c u i t .  

The launch veh ic l e  emergency de tec t ion  system 

D i f f e r e n t i a l  and common-mode vol tages  f o r  an average l i gh tn ing  
s t roke  are 7.5 and 1350 v o l t s ,  respec t ive ly ,  and should be safe .  




